Abstract Phosphorus nuclear magnetic resonance (31P NMR) was used to study energy metabolism in the rat mandibular gland. The gland was isolated, perfused arterially and set in the NMR tube. At rest, 7 resonance peaks were observed and 6 peaks identified from low field as: 1) sugar phosphates (SP) and nucleotide monophosphate (NMP), 2) inorganic phosphate (Pi), 3) creatine phosphate (PCr), 4) y-nucleotide triphosphate (NTP) and f3-nucleotide diphosphate (NDP), 5) a-NTP, a-NDP, NAD+, and NADH, 6) an unknown peak, and 7) 13-NTP. From the results of high performance liquid chromatography (HPLC), NTP consisted mainly of ATP and GTP, and UTP was not detected. The tissue contents of ATP and GTP in the perfused gland were determined by HPLC as 1.86 + 0.03 and 0.37 + 0.01 mmol/kg wet tissue (S.E., n = 5). From 31P NMR and HPLC data, the tissue levels of creatine phosphate, ADP, and sugar phosphates were estimated as 3.3, 0.4, and 4.2 mmol/kg wet tissue, respectively. The cessation of perfusion decreased the tissue levels of PCr and ATP and increased those of Pi and SP. On the other hand, administration of acetylcholine (1 ELM), which is an optimal dose for secretion, decreased PCr and increased Pi but did not change SP. The ATP was unchanged initially and slowly decreased to the lower level during sustained secretion. These findings suggest that a sustained secretion requires more energy from ATP hydrolysis rather than initial secretion.
al., 1983), heat production (MURAKAMI, 1979) , and lactate production (NORTHUP, 1935) increased several times during secretion. But these parameters deal with only the overall results of metabolism.
Phosphorus nuclear magnetic resonance (31P NMR) spectroscopy enabled a sequential and non-invasive measurement of the phosphorus compounds in the same organ. Because of these advantages, 31P NMR has already been applied to various organs such as the heart (HOLLIs et a!.,1978) and the liver (MCLAUGHLIN et al., 1979) . We applied NMR to the perfused submandibular gland of the dog (MURAKAMI et al., 1983 (MURAKAMI et al., , 1984 NAKAHARI et al., 1985) and reported that creatine phosphate and ATP decreased by acetylcholine. However, several problems remain unsolved if the method is applied to the canine gland: 1) the difficulty of surgical operation, 2) the large variation in the arterial routes to the gland, 3) the unsuitable size of the gland for the conventional NMR probe (less than 15 mm in diameter), etc. To overcome these problems, we have developed a procedure to perfuse the rat mandibular gland in an NMR tube (10 mm in diameter).
The present study demonstrates the application of the 31P NMR method to the perfused mandibular gland of the rat. We assigned the spectral peaks to nucleotide phosphates by authentic samples, and confirmed them by using a high performance liquid chromatography (HPLC). To assess the energy state during sustained secretion, we measured the levels of ATP, creatine phosphate (PCr), and inorganic phosphate (Pi) sequentially during prolonged stimulation with acetylcholine (ACh) (1 /tM) for l h.
METHODS
Perfusion. Male rats (Std: Wistar, 280-350 g weight) were used. The animals were anesthetized by an intraperitoneal injection of pentobarbital sodium (Nembutal®, 50-70 mg/kg body weight). The mandibular glands, weighing 150-290 mg, were surgically isolated for perfusion as described elsewhere (CASE et al., 1980; COMPTON et al., 1981) and placed in a 10-mm diameter NMR tube. The mandibular artery was cannulated with a polyethylene tube that was pulled over a flame. Vascular perfusion of the gland offers two advantages: l) a sufficient oxygen supply via capillary bed; 2) a rapid replacement of extracellular fluid.
The gland was perfused arterially with the aid of a Cole^Palmer® peristaltic pump at the rate of 2 ml/min. The composition of the control perfusate (in mM) was as follows: Na 146.0, K 4.3, Ca 1.0, Mg 1.0, Cl 148.3, phosphate 1.0, and glucose 5.0. The solution was buffered at pH 7.4 with HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid) (10 mM) and gassed with 1000 02. The temperature of the experiment was kept at 24°C. 31P NMR . A superconducting magnet of 8.45 T (Oxford) was used and 31P
NMR spectra were collected at 145.8 MHz using a WM-360wb NMR spectrometer (Bruker). For the kinetic measurement, radio frequency (RF) pulses of 5 or 10 µs (15 or 30° pulse) followed by a relaxation delay (RD) of 0. WATANABE et al. (1985) . Immediately after the control perfusion for 20 min, or without perfusion, the glands were dissected and frozen with a brass clamp. The brass clamp was cooled in liquid nitrogen before use. The frozen samples were freeze-dried and extracted with perchloric acid (0.5 N). The extract was neutralized at pH 7 with 9.2 N KOH and analyzed by HPLC (Hitachi 638) with an anion exchange column (TSK, DEAE-25W). The column was eluted with 0.25 M sodium phosphate (pH 6.2) at the rate of 1.0 ml/min, and the nucleotides were detected at 260 nm.
RESULTS

Identification of 31P NMR resonances
Seven resonance peaks were observed in the 31P NMR spectrum of the rat mandibular gland (Fig. 1) . By comparing them with spectra of the authentic samples, 6 peaks were identified as: 1) sugar phosphates (SP) and nucleotide monophosphate (NMP), 2) inorganic phosphate (Pi), 3) creatine phosphate (PCr), 4) y-nucleotide triphosphate (NTP) and /3-nucleotide diphosphate (NDP), 5) a-NTP, a-NDP, NAD+, and NADH, 6) an unknown peak, and 7) f3-NTP. This assignment agreed with reported spectra (HOULT et al., 1974; BURT et al., 1976; NAVON et al., 1977) . The areas and the heights of phosphorus peaks were stable during the perfusion with the control solution for 24 h, indicating that the viability of the gland can be maintained for 24 h. Figure 2 shows a typical chromatogram of nucleotides extracted from the rat mandibular gland, which was perfused arterially for 20 min before freezing. By comparison with the chromatogram of authentic samples, 6 peaks were assigned to: 1) GMP (guanosine 5'-phosphate), 2) AMP (adenosine 5'-phosphate), 3) GDP (guanosine 5'-diphosphate), 4) ADP (adenosine 5'-diphosphate), 5) GTP (guanosine 5'-triphosphate), and 6) ATP (adenosine 5'-triphosphate). The uridine nucleotides such as UDP and UTP, and the cytidine nucleotides were not detected.
Chamical analysis of nucleotides by HPLC
The tissue concentrations of ATP, ADP, and AMP in the perfused gland were measured as 1.86, 0.47, and 0.23 mmol/kg wet weight, respectively (Table 1 ). The tissue concentrations of GTP, GDP, and GMP were 0.37, 0.10, and 0.40 mmol/ kg wet weight, respectively. Since nucleotides other than adenine were not observed, the ratio of ATP to total NTP, ATP/NTP = ATP/(ATP + GTP), was 0.84, Seven resonance peaks were observed and 6 peaks were identified as: 1) sugar phosphates (SP) and nucleotide monophosphate (NMP), 2) inorganic phosphate (Pi), 3) creatine phosphate (PCr), 4) y-nucleotide triphosphate (NTP) and /3-nucleotide diphosphate (NDP), 5) a-NTP, a-NDP, NAD+, and NADH, 6) an unknown peak, and 7) /3-NTP. gland and an in situ gland, which was frozen immediately without perfusion. The ATP and GTP levels of the perfused gland were slightly higher than those of the in situ gland. The ADP and AMP levels of the perfused gland were less than those of the in situ gland. The total adenine nucleotide (sum of ATP, ADP, and AMP) in the perfused gland was the same as in the in situ gland. These observations could be interpreted as: 1) the 02 supply to the in situ gland could be decreased by the lowered respiration and circulation under deep anesthesia; 2) the lower temperature (24°C) could slow ATP hydrolysis in the perfused gland. The GDP of the perfused gland was slightly less than that of the in situ gland. The GMP levels of both glands were similar. The two glands were left uncirculated for about 20 min (hypoxic gland), thereafter frozen, and their nucleotide levels were measured by an HPLC. The ATP content of 'the hypoxic gland was about 40% less than that of the perfused gland. The ADP and AMP levels were both higher than those of the perfused gland. The total content of adenine nucleotide (sum of ATP, ADP, and AMP) in the perfused gland was larger than in the hypoxic gland.
Resting levels of phosphorus compounds estimated from 3iP NMR spectra and HPLC data
The proportion of the resonance areas in the 31P NMR spectrum reflected the proportion of the amounts of phosphorus compounds included in the observable space of the NMR tube under the condition that all phosphorus spins were completely relaxed during the relaxation delay of the measurement. Table 2 shows the relative concentrations of phosphorus measured from the quantitative 31P NMR spectra. The proportion of NTP : NDP : PCr : Pi : SP +NMP was 1:0.23:1.50:1.60:1.87. Accordingly, the resting levels of PCr, ADP, Pi, and SP + NMP were estimated as 3.3, 0.4, 3.6, and 4.2 mmol/kg wet weight, using the above-mentioned ATP value measured by HPLC. Effects of cessation of perfusion (Fig. 3) The cessation of perfusion caused hypoxia of the tissue and reduced the "supply" of ATP from the oxidative metabolism . When the perfusion was stopped for 15 min, ATP and PCr decreased to 50 and 0% of the resting levels, respectively, while Pi increased to 200% of the resting level. The level of PCr decreased more quickly than the level of ATP, indicating that PCr supplies ATP rapidly via the Lohmann reaction. The resonance peak of Pi shifted to a higher magnetic field, indicating that the tissue pH decreased. After perfusion was resumed, the phosphorus compounds quickly recovered their resting levels and the peak of Pi signal shifted to its original position, indicating the recovery of tissue pH.
Effects of acetylcholine administration
Continuous stimulation with 1.0 /IM ACh caused a marked salivary secretion ( Fig. 4a) . The secretory flow rate reached the maximum (181 + 24, tl/(g • min), + S.E., n = 4) at the initial 2 min and decreased time-dependently to the plateau level (41.6 ± 2.2 , it/(g • min), ± S.E., n = 4, sampled at 75-90 min). The secretory rate at 24°C was about one half of that at 37°C. The optimal concentration of ACh was between 0.1 and 1 µM for the secretory flow rate. Figure 4b shows 31P NMR spectra during the secretion. The changes in the phosphorus compounds are shown as a percentage of the resting level in Fig. 4c . By the administration of ACh, the tissue level of PCr decreased quickly to 63.1 ±3 .6%
(± SE., n =8) of the resting level, and during secretion, the PCr gradually regained its level to 75.2±9.2% (+ S.E., n=8) of the resting value. The ATP level decreased slowly to 84.3±7.6% at 5-10 min after the start of stimulation and maintained the level (80-90% of the resting level). The level of Pi increased quickly during the initial 5 min and measured 145.2 ± 11.3 % of the resting level. During the stimulation, Pi maintained the level (about 180% of the resting level). The level of SP was slightly increased by several percent of the resting level (p <0.001) and maintained its level during the ACh stimulation.
DISCUSSION
In most of the epithelial transport systems, Na+/K+ ATPase is believed to establish the Na+ gradient across the cell membrane to create the driving force for Nat-coupled transport systems. Recently, 31P NMR has been applied to kinetic measurement of phosphorus energy metabolites in various epithelia (BALABAN et al., 1981; BOND et al., 1981; LIN et al., 1982; NUNNALLY et al., 1983) . The mandibular salivary gland has several advantages for NMR measurement as follow: 1) almost all NMR signals from the gland come from acinar cells, because there is no smooth muscle but only a trace volume of myoepithelial component; 2) a simple evaluation of secretion can be achieved by measuring the amount of secreted saliva; and 3) no secretion without added secretagogues.
We have applied the 31P NMR method to the isolated perfused submandibular gland of the dog (MURAKAMI et al, 1983 (MURAKAMI et al, , 1984 NAKAHARI et a!., 1985) and reported that during salivary secretion by ACh, the levels of ATP, PCr, and tissue pH decreased, the ADP level increased, and the Na-replacement suppressed these responses by ACh. However, as described above, there were several disadvantages in using the dog mandibular gland. On the other hand, many physiological, biochemical, and morphological studies on the salivary glands have been conducted using the rat (YOUNG and VAN LENNEP,1978) , and the vascular architecture is rather simple and the individual variation of laboratory rats is minimum. In addition, the isolated perfused mandibular glands of rat and rabbit can secrete as well as an in vivo gland (CASE et al., 1980; COMPTON et al., 1981; CASE and HUNTER, 1982; MARTINEZ and CASSITY, 1983) .
In the present study, we applied the 31P NMR method to the rat mandibular gland, focusing especially on the determination of ATP and the effect of sustained stimulation. Comparing 31P NMR spectrum of the rat gland with that of the dog gland, NTP, NDP, and PCr were similarly observed, but some differences were observed as follows. The resonances of phosphodiesters were not observed in the rat gland. The sugar phosphate of the dog gland was observed as a composite resonance of several components, but that of the rat gland was a single component. Interpretation of these differences requires further investigation. 31p NMR spectroscopy can measure the amount of nucleotide phosphate but cannot discriminate the kinds of nucleotide-5'-phosphates. By HPLC, adenine and guanine nucleotides were separated for the first time in the rat mandibular gland. As a result, 80-90% of NTP's resonance reflects ATP in the mandibular gland. Thus, the tissue content of ATP was determined by HPLC as 1.64 mmol/kg wet weight. This value agreed well with the reported value, 1.24 mmol/kg wet weight in immediately frozen rat mandibular glands (DREISEBACH and GERLACH, 1967) . As mentioned in RESULTS, a slight difference of ATP content was measured by HPLC, indicating that HPLC is a powerful method for precise determination of ATP content. The ATP system is well known as the major energy carrier system and GTP is also recognized as the energy donor to several kinds of biosynthesis materials such as cellulose, porphyrin, protein, etc. (LEHNINGER, 1975) . The present study suggested that about 80-90% of the total energy phosphate could be carried by ATP system and the rest by GTP system in the mandibular gland. On the other hand, UTP is known to act as a phosphate donor leading to polysaccharide synthesis, and that it possibly participates in the biosynthesis of mucin in the mandibular gland. However, uridine-5'-phosphates were not detected in the present study, suggesting that UTP level is possibly very low in the rat mandibular gland, less than the noise level of HPLC result, 0.05 mmol/kg.
The resting level of PCr in the salivary gland was reported as 0.62-1.1 mmol/kg tissue weight in the dog submandibular gland (NoRTHUP, 1935; MURAKAMI et al., 1983) , and 0.46 mmol/kg tissue weight in the rat mandibular gland (FURUYAMA et al., 1980 ). We estimated the tissue level of PCr as 3.3 mmol/kg from the relative PCr concentration by 31P NMR and the ATP concentration by chemical analysis. The breakdown of PCr was so rapid that the chemical analysis did not allow estimation of the actual level of PCr in the in situ gland. In the present study, the combination of 31P NMR and the chemical analysis of ATP gave the highest value of PCr among the reported values, indicating the usefulness of this procedure. The total creatine (creatine + PCr) was reported as 2.56 mmol/kg wet tissue (FURUYAMA et al., 1980) . The present findings suggest that most of the creatine could be in the form of creatine phosphate in the mandibular gland of the rat. FURUYAMA et al.
(1980) also reported that the PCr level in the rat mandibular gland was as high as that in the brain, and that the creatine kinase activities occurred in the cytosolic and mitochondrial fractions. The mitochondrial creatine kinase in the rat mandibular gland was suggested to be directed to PCr formation and to be coupled with 31p NMR   IN THE PERFUSED  SALIVARY  GLAND  OF THE RAT  421 oxidative phosphorylation (SUGIYA and SAKAI, 1982) . We used Pi in the perfusate and the venous effluent was drained freely out of the gland. Since the NMR method cannot discriminate intracellular or extracellular signals, the Pi signal in the present study was not only from the intracellular Pi but from the extracellular Pi, Pi in the perfusate and the effluent. That is, the resting value of signal intensity of Pi reflected a sum of glandular Pi and extraglandular Pi. On the other hand, the increase in Pi by ACh stimulation or by the cessation of perfusion indicated an increase in the breakdown of phosphorus energy compounds, i.e. increase in ATP hydrolysis, qualitatively. However, it is unknown whether extracellular Pi increased or not.
The existence of Na +/K + ATPase was reported in the rat mandibular gland (SCHWARTZ and MOORE, 1968; BOGART, 1975) , and there are many reports on the inhibitory effects by ouabain on salivary secretion (PETERSEN and PoULSEN, 1967; MARTINEZ, 1971; MARTINEZ and CASSITY, 1983 ) and on Na+ dependency of salivary secretion (PETERSEN, 1970; CASE and HUNTER, 1982) . BURGEN (1956) and IMAI (1965) reported that ACh increased the Na + entry in the salivary gland. The importance of Na in the coupling between secretion and energy supply was stressed by the findings that ACh caused no change in the ATP and PCr levels during the Na-depleted perfusion (MURAKAMI et al., 1984) . The short-period stimulation (1 IIM of ACh for 3 min) caused no change in the ATP level of the dog mandibular gland (MURAKAMI et al., 1984) . Also in the present study, ATP was maintained at 94.9±7.7% (± SE., n = 8) of the resting level at the initial 0-5 min of the secretion. Thereafter, ATP level decreased slightly during sustained stimulation. These findings suggest two possibilities: 1) the sustained secretion requires more energy than the initial secretion, and 2) ATP supply could decrease during sustained secretion. As shown in Fig. 4a , the secretory rate is maximal at the initial stage of secretion and decreases time-dependently. If the first possibility is the case, the sustained secretion could require more energy than the initial secretion. In the present experiment, ATP level was lower but maintained at the same level during sustained secretion, indicating that the ATP supply and the ATP consumption are balanced. But the rate of ATP supply is unknown. Recently we measured the oxygen consumption of the rat mandibular gland, which increased by ACh stimulation and was maintained at the same level during sustained secretion (Murakami, unpublished data) , suggesting that ATP could be supplied constantly.
